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Abstract: Improper mixing of outside air and return air 
streams in building air conditioning systems has been recognized 
for years. The problems may lead to nuisance cycling, frequent 
freeze-stat trips and serious consequences of a frozen or ruptured 
conditioning coil. It was thought that typical solutions for the 
problem usually consist of preferred placement of outside air and 
return air duct penetrations to the mixing box, manipulation of 
the inlet damper angles and velocity ratio between the outside 
air and return air streams and the insertion of static flow mixers 
in the mixing box to help improve the thermal stratification. This 
paper reports the results of a computational fluid dynamics 
(CFD) study conducted as a follow-up to an experimental study 
conducted at the Ruskin Laboratory in Grandview, Missouri, 
sponsored by the American Society of Heating, Refrigerating 
and Air-Conditioning Engineers (ASHRAE). The CFD results 
indicated that the most significant improvement in mixing 
performance with minimum increase in pressure drop and energy 
use is achieved by expanding the mixing plenum. Effectiveness 
increased from 39 percent to 67 percent with less than a 0.1 
inch of water additional pressure drop. However, optimization 
of relative plenum dimensions and baffle size and placement 
awaits additional CFD simulations andfoll scale validation. 
Key Words: Mixing, Plenum, Air Conditioning, Indoor Air 
Quality 
Background 
Many of the problems associated with the lack of mixing 
in heating, ventilating and air-conditioning (HVAC) systems 
have been recognized for several years [Haines (1980), Delaney 
et al. (1984)], while others have been realized or have become 
significant more recently. The problems with mixing are mainly 
concerned with non-uniform temperature distribution and non-
uniform chemistry which result in detrimental effects on 
many measures of the HVAC system performance, including 
equipment functionality and efficiency, indoor air quality and 
the comfort of the building's occupants. 
In an air-conditioned building, the fraction of outdoor air 
being provided is about 10% to 40% of the total airflow. This air 
stream is normally referred to as the make-up or outside air. The 
remainder of the air is drawn from the building space and is 
commonly called the return air. The two streams are ducted 
18 
separately to the mixing plenum, which is integrated in the main 
air-handling unit (AHU). 
Air mixing has been generally addressed by rules of thumb 
or engineering intuition. The most popular recommendation to 
decrease stratification within an HVAC system is to direct the 
two air streams perpendicular to each other in a mixing box and 
use parallel blade dampers to guide the airstreams into each 
other. Another method to mix the two air streams is to introduce 
outdoor air at the top of the mixing box, with the perception 
that the cold, dense air would sink to the floor, mixing with the 
warmer return air as it passes through the return air stream. The 
use of either parallel blade dampers or the introduction of 
the outdoor air on top of the mixing box was found to have 
little effect on mixing. Commercially available "blenders" may 
be inserted for additional mixing-at added initial as well as 
operating cost, due to the increased pressure drop. Several inves-
tigators have reported the incomplete mixing obtained using 
dampers alone and the subsequent recommendation for a separate 
air mixer, usually a static type. Robinson (1997) & (1998) pro-
vides considerable insight into past activities and the current state 
of the art. However, no systematic study was found that would 
provide for designing an air distribution system with minimum 
stratification. It has often been assumed that if parallel blade 
dampers are used and the blades are aligned to force mixing 
of the outdoor air and return air, the air will mix sufficiently 
to prevent thermal stratification. 
The NAS/NAEIIM report "Making the Nation Safer: the 
Role of Science and Technology in Countering Terrorism" 
noted "A better understanding of air movements and mixing in 
HVAC systems could lead to improved designs for lowering 
vulnerability to toxins." Also, particularly with the variable air 
volume (VAV) system, inadequate mixing of re-circulated and 
"fresh" outdoor air has been a significant problem related both 
to indoor air quality (lAQ) and to temperature stratification. 
In addition to good thermal mixing, it has also been assumed 
that the fresh air brought in through the outdoor air intake is 
thoroughly mixed with building return air providing uniform 
concentrations of various gaseous components throughout the 
building. However, as Howard (2006) notes from examination 
ofASHRAE RP-1 045 test data, parallel-blade dampers arranged 
to direct the airflows to each other, as shown in Figure 1, do not 
effectively mix the air. 
Under ASHRAE RP-1045, tests were conducted using the 
large (full size components) test facility at Ruskin, shown as 
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Figure 2. For details on the data collected during the course of 
this ASHRAE Research Project and produced results, the reader 
may refer to Mainkar et al. (2004) and Sauer et al. (2004). 
Mixing Zone Configurations 
Table 1lists the range of configurations examined up to this 
time. The "original" [Design No. 1, Case 1] is illustrated as 
Figure 3. The "most" modified [Design No.4, Case 4] is shown 
as Figure 4. 
The aim is to analyze the performance of the proposed new 
designs and compare their performance with the old design. A 
concurrent aim is to make changes in the shape and internals of 
the chamber so that the uniform thermal mixing is achieved at 
the outlet without compromising on the pressure drop. 
The most modified design (Fig 4) is as follows [it differs in 
that the chamber is extended and baffles are introduced]: 
Mixing Effectiveness 
"Mixing Effectiveness" is used to express how well a 
mixing device mixes two air streams. This rating indicates 




Table 1. Mixing Plenum Configurations. 
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Figure 3. Three Dimensional Original Configuration. 












Figure 4. Three Dimensional New Design with Both Baffles 
Top Baffle 
how much a mixing device reduces the temperature range. 
A perfect mixing will have mixing effectiveness of 100% while 
a device that provides no mixing would have an effectiveness 
ofO%. 
There are two significantly different ways to define mixing 
effectiveness: the range mixing effectiveness and the statistical 
mixing effectiveness. . The performance ratings calculated 
using these two methods do not yield the same value. The range 
effectiveness is based only the highest and lowest values 
upstream and downstream of the mixing chamber. The statisti-
cal effectiveness method takes all reading into account and, as 
a result, gives an indication of the uniformity of the mixture 
downstream of the mixing chamber. 
For thermal mixing, the defining equations for effectiveness 
are: 
Thermal Range Mixing Effectiveness (ERT) 
(1) 
where, 
T Max' & T Min= Maximum and minimum temperatures down~ 
stream of mixing device. 
T R = Temperature of return air stream. 
T 0 = Temperature of outside air stream. 
Thermal Statistical Mixing Effectiveness (E8T) 




SDDs =temperature standard deviation downstream of mixing 
device. 
SDus =temperature standard deviation upstream of mixing 
device. 
:MISSOURI ACADEMY OF SCIENCE: SAUER et al. 






~VRVo ( ) 
SDus = TR -To 
VR+Vo 
where V R and Vo are the velocity of the return and outside air 
streams. 
The range mixing effectiveness is helpful when extremes 
of the mix are important but the statistical mixing effectiveness 
provides a better idea about the uniformity of the distribution in 
the mixing plenum. Companion effectiveness definitions for 
gaseous mixing replace temperatures with concentrations. 
The range effectiveness can be used when the extremes of 
a mix are of prime importance, such as in coil freeze-up or 
freezestat nuisance tripping. However, when concerned about 
proper mixing of gases and indoor air quality, the statistical 
mixing effectiveness is by far the most significant. 
Computational Fluid Dynamics (CFD) 
Simulations 
Fluid flow is governed by three fundamental principles-
mass is conserved, Newton's second law (momentum is con-
served), and energy is conserved. These principles can be 
represented by mathematical equations that are usually expressed 
as partial differential equations. Computational Fluid Dynamics 
(CFD) is the technique of replacing these partial differential 
equations by a set of algebraic equations, solving for the 
algebraic equations by stepping through space and/or time, 
and arriving at a set of numbers that describe the flow field of 
interest. In some applications, mathematical equations in the 
form of integral equations are better suited to obtain a solution 
for the flow field in question. 
Closed-form analytical solutions to most partial differential 
equations provide values to variables continuously throughout 
the physical domain. The equations that define a fluid flow, with 
the exception of a few well defined flows, have no closed-form 
solutions. This requires a numerical solution to the continuity, 
momentum and energy equations and is achieved by solving for 
the fluid flow at predefined discrete points along the continuum. 
Discretisaton could therefore be defined as the sectioning of 
the continuous medium into finite points or volumes and 
numerically solving the governing equations for each discrete 
location. 
In recent years finite difference schemes have been refined 
and developed to solve very complex flow problems and are 
extensively used for a majority of flow phenomena. In this 
research, CFD codes that use finite volume techniques are 
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predominantly used. The governing fluid dynamic equations 
can be represented as partial differential equations or translated 
into the integral form, giving two approaches towards a 
numerical solution, the finite difference and the finite volume 
methodology. 
The essence of finite difference methods is the substitution 
of the partial derivatives with algebraic quotients, giving a 
system of algebraic equations that can be solved for the flow 
variables at the specific, discrete grid points within the flow 
field. The algebraic equations for the derivatives are usually 
obtained using Taylor's series expansions. The CFD code 
FLUENT uses this approach. 
The problem with the aforementioned finite difference 
scheme is the instability associated with the solution of discon-
tinuities, like flow through a shock. For such cases, the solution 
of the Navier-Stokes equations in the integral form has shown 
to provide better accuracy. The basis of the finite volume method 
is the discretisation of the integral form of the equations and not 
the differential form. Thus, the Navier-Stokes equation in the 
integral form is integrated over individual computational cells 
and then approximated in terms of the cell-centered nodal values 
of the dependent variables. The discretised form preserves the 
conservation properties of the parent differential equation. 
Results 
Table 2 and Figure 5 provide an analysis and summary of 
these basic results. 
Conclusions 
• The basic mixing chamber provides maximum mixing 
effectiveness with the addition of both top and bottom 
baffles but at a significant increase in pressure drop across 
21 
Figure 5. Effect of Plenum & Baffies on Mixing Effectiveness 


















Effectiveness vs Pressure Drop 
0.088 0.177 0.25 0.483 0.747 0.866 1.441 
PRESSURE DROP, in. wg 
• RANGE ~STATISTICAL 
the chamber. As depicted in Figure (5), the pressure drop 
changed from 0.088 for the basic plenum configuration 
to 1.441 for a plenum with a long top baffie. Thus, the 
pressure drop can increase considerably. For instance, 
for the plenum with the long top baftle, the pressure drop 
increased by nearly 1,600%. 
• Significant improvement in mixing performance can 
be achieved with minimum increase in pressure drop by 
either: 
(a) expanding the mixing plenum, or 
(b) adding a top baffle. 
• Validation of the CFD approach should be obtained 
with full scale experimental results for at least one 
configuration (preferably two or more). 
• Optimizing the relative dimensions of the plenum and the 
baftles will require additional CFD simulations (assuming 
validation). 
Table 2. Mixing Characteristics of Various Plenum Configurations. 
% Temperature % Temperature Pressure Drop 
Design Configuration Effectiveness (Range) Effectiveness (Statistical) (in of water) 
Basic Design No Baffle 39 70.0 0.088 
Top Baffie 55 82 0.483 
Bottom Baftle 56 78.21 0.250 
Both Baffies 60 84 0.747 
Long Top Baftle 80 93.74 1.441 
Long Top Baftle same bottom 90 96 1.835 
Baffie 
New Design No Baffle 67 84 0.177 
Top Baffie 60 80 0.403 
Bottom Baffie 75 85 0.402 
Both Baffies 68 83 0.846 
Long Top Baffie 71.5 84.83 0.866 
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